The degradation patterns of Eucalyptus globulus wood by several basidiomycetes isolated from naturally-decayed wood in eucalypt plantations in Uruguay were studied by analytical pyrolysis coupled to gas chromatography/mass spectrometry. Relative peak areas were calculated for pyrolysis products derived from guaiacylpropanoid (G) and syringylpropanoid (S) lignin units, as well as for products arising from carbohydrates. The fungal strains used were found to be efficient lignin degraders on eucalypt wood as revealed by lignin/carbohydrate ratio from pyrolysis products. Simultaneously, a decrease of lignin S/G ratio was observed during wood delignification. This is due to the preferential biodegradation of S-units, which are predominantly ether-linked, compared with G-units that are more recalcitrant towards fungal attack because of the presence of biphenyl-type structures. Both the lowest lignin/carbohydrate and S/G ratios were found in the wood treated with a Phanerochaete crassa strain. Subtle modifications of residual lignin in wood were evidenced by changes in relative abundance of pyrolysis products after fungal decay. © 2002 Elsevier Science B.V. All rights reserved. 
Introduction
In nature three main types of fungal decay of wood can be distinguished, the so-called white rot, brown rot and soft rot [1, 2] . White-rot fungi decompose the lignin in wood opening access to the cellulose and hemicelluloses that are embedded in the lignin matrix. Analytical pyrolysis coupled to gas chromatography/mass spectrometry (Py-GC/MS) proved to be a useful tool to detect the fungal reworking and the extent of fungal degradation of lignocellulosic constituents, which cannot be straight-forwardly detected with the standard gravimetric methods [3] [4] [5] [6] [7] [8] [9] [10] . Lignin is pyrolyzed to produce a mixture of relatively simple phenols, which result from cleavage of ether and certain C-C inter-unit linkages [3] [4] [5] . These phenols retain their substitution patterns from the lignin polymer, and it is thus possible to identify components from the p-hydroxyphenylpropanoid (H), guaiacylpropanoid (G) and syringylpropanoid (S) lignin units. Moreover, changes in the pyrolytic breakdown products from each of the different lignin units can provide information on the degree of fungal alteration of the residual lignin in wood.
In a previous paper [10] we have studied the differential removal of lignin and carbohydrates in eucalypt (Eucalyptus globulus) wood by a wide set of wood-rotting fungi. Py-GC/MS was used to analyze the lignin/carbohydrate ratio and the modification of lignin after wood treatment with fungi from the groups of basidiomycetes, ascomycetes and deuteromycetes. Basidiomycetes were found to be the most efficient lignin degraders in eucalypt wood and among the species investigated Ceriporiopsis (synonym: Poria) sub6ermispora caused the most intense lignin degradation [10] . The aim of this and related studies [11, 12] was to select the most suitable fungal species for wood delignification in environmentally sound biopulping applications. The selection of the best fungal isolates for a particular application is a critical point of biotechnological research. Until now only a few white-rot fungi have been identified as good candidates for wood biopulping and other industrial applications [13] . The above study is being continued here to identify the most suitable fungi for biological delignification of eucalypt wood, which is used as a raw material for paper pulp manufacturing in Spain, Portugal, South America and other world regions. With this purpose, strains isolated from eucalypt plantations in Uruguay were used for in vitro wood decay experiments. These strains were selected in previous studies because of their ability to remove lignin and lipophilic extractives from eucalypt wood [14] and bleached eucalypt kraft pulp [15] .
Material and methods

Fungal strains
Bjerkandera adusta FIB 538, Peniophora lycii FIB 507, Peniophora cinerea FIB 508, Peniophora sp. FIB 509 and Phanerochaete crassa FIB 511 and FIB 539 were isolated from E. globulus and E. grandis plantations in Uruguay (fruit-bodies or decayed wood) and conserved at the culture collection of the Mycology Laboratory of the Montevideo Faculty of Sciences (Uruguay). Stock cultures were maintained on 2% malt extract agar slants at 4°C.
Wood
Wood samples of approximately 5×20 × 20 mm were obtained from 6-year old debarked stems of E. globulus from FANAPEL (Fábrica Nacional del Papel, Uruguay). The wood samples were dried (60°C) until constant weight, then submerged in distilled water for 24 h and autoclaved at 121°C for 20 min. In vitro decay chambers included six wood blocks kept aseptically on the surface of 10-day-old cultures of the different strains on 2% malt-extract agar (agar-block decay test) [16] . Wood blocks from uninoculated chambers served as control. After 8-week incubation in the dark at 27°C and 80% constant humidity, wood blocks were collected, the superficial mycelium removed and the weight loss determined [16] . Wood blocks were stored at −20°C before analysis. The Klason lignin content was estimated gravimetrically after acid hydrolysis of carbohydrates [17] . All the in vitro decay experiments and chemical analyses were carried out in triplicate.
Curie-point flash Py-GC/MS
The pyrolysis was performed in duplicate with a Curie-point pyrolyser (Horizon Instruments Ltd.) coupled to a Varian Saturn 2000 GC/MS, using a 30 m× 0.25 mm DB-5 column (film thickness 0.25 mm). Approximately 100 mg of finely divided sample was deposited on a ferromagnetic wire, then inserted into the glass liner and immediately placed in the pyrolyser. The pyrolysis was carried out at 610°C. The chromatograph was programmed from 40°C (1 min) to 300°C at a rate of 6°C min − 1 . The final temperature was held for 20 min. The injector, equipped with a liquid carbon dioxide cryogenic unit, was programmed from − 30°C (1 min) to 300°C at 200°C min − 1 , while the GC/MS interface was kept at 300°C. The compounds were identified by comparing the mass spectra obtained with those of the Wiley and Nist computer libraries and that reported in the literature. Table 1 shows some bulk characteristics (weight and lignin losses) of the eucalypt wood after agar-block decay with the selected basidiomycetes. From these data, it is apparent that the strains from the Phanerochaete and Peniophora species caused a strong degradation of lignin. On the other hand, B. adusta, a fungus investigated for pine biopulping and removal of lipophilic extractives [18] , produced only a slight decrease of the lignin content in eucalypt wood (and low wood weight losses). When fungal selectivity towards lignin was considered (estimated as lignin loss vs. weight loss ratio) the best results corresponded to P. cinerea. In order to get additional information on the lignin attack by the selected fungi, the samples of sound and biodegraded eucalypt woods were studied by analytical pyrolysis coupled to GC/MS.
Results and discussion
The pyrograms of sound E. globulus wood and that of a wood sample degraded with a selected basidiomycete (P. crassa FIB 539) are illustrated in Fig. 1 . The pyrograms of the wood samples clearly reflected the fungal degradation. Relative peak areas were calculated for carbohydrate and the different G and S-type lignin pyrolysis products. The summed areas of the relevant peaks were normalized to 100% and the data for two repetitive pyrolysis experiments were averaged ( Table 2) . Carbohydrate pyrolysis products represent on average 40% (range 34.0-44.7%) and phenols from lignin 60% (range 55.3-66.0%) of the identified compounds.
All fungi produced a decrease in lignin/carbohydrate ratio as calculated by Py-GC/MS (Table 2) . When comparing the lignin content (estimated as Klason lignin) with the lignin/carbohydrate ratio for the E. globulus wood samples degraded by the different basidiomycetes selected for this study ( Fig. 2) , it is apparent that a good correlation exists and that the Py-GC/MS lignin/carbohydrate ratio decreases as the Klason lignin content in the degraded wood decreases. This means that, in general terms, the selected fungal strains preferentially degraded the lignin moiety in eucalypt wood leaving a residue enriched in cellulose. On each type of wood, only a limited number of fungal species cause this selective degradation pattern [19] . By contrast, a simultaneous degradation pattern, characterized by the removal of different wood constituents and cell-wall layers, is generally produced during white-rot decay. The former group of fungi are of high biotechnical interest in biopulping applications since the selective removal of lignin results in the separation of cellulosic fibers producing a material similar to wood pulp obtained by chemical cooking [11, 20] . Moreover, most of the fungi selected for this study also decreased the lignin S/G ratio as revealed by Py-GC/MS (Table 2) , and the preferential degradation of S units was especially evident in the wood treated with P. crassa (strain FIB 511) and P. lycii (strain FIB 507). Fig. 3 shows a plot of S/G ratio versus lignin/carbohydrate ratio in the different samples. A rough correlation As relative percentages of total-ion areas.
Fig. 1. Py-GC/MS of E. globulus wood: (a) untreated wood, (b) wood degraded with P. crassa (FIB 539).
Roman numbers refer to the lignin-derived phenols identified in Table 2 . Letters refer to the carbohydrate-derived compounds listed in Table 3 . (*) Alkyl phthalate contaminant, (**) palmitic acid.
between wood delignification estimated from lignin/carbohydrate ratio, and lignin alteration revealed by the changes of its S/G ratio was observed. This indicates that a preferential attack to S units is produced during eucalypt lignin degradation by the basidiomycetes studied. The higher biodegradability of the S lignin compared with the G lignin has been indirectly evidenced in several studies showing the decrease of the S/G ratio during degradation of lignocellulosic substrates by white-rot fungi [7, 10, [21] [22] [23] . The preferential biodegradation of S lignin is suggested to be related to the high predominance of ether-type interunit linkages (at C 4 ), compared with G lignin that includes a percentage of C C bonds at C 5 (a position that in S units is occupied by a methoxy group) resulting in higher condensation degree and resistance towards fungal attack. It may also be due to the manner in which the different white-rot basidiomycetes degrade wood, i.e. the fungi first erode or delignify the S-rich secondary wall leaving the G-rich cell corners to a latter stage of degradation [9] . Some differences were observed in the relative abundances of the released lignin and carbohydrate-derived compounds and, therefore, in the general degradation pattern caused by the different basidiomycetes. Fungal modification of residual lignin in wood was examined by comparing the different lignin breakdown products after pyrolysis. Table 2 lists the identities and the relative abundances of the lignin-derived compounds released upon Py-GC/MS of the samples of E. globulus wood treated with the six basidiomycetes studied. The pyrogram of sound eucalypt wood shows several major compounds, derived from G and S lignin units identified, respectively, as guaiacol (1), and syringol (7) and their 4-methyl (3 and 11), 4-ethyl (4 and 14) , 4-vinyl (5 and 16), 4-allyl-(6 and 18) and 4-propenyl (8, 10, 21 and 23) derivatives. Compounds 6 and 7, and 10 and 11 eluted with slightly different retention times but separate quantitation was possible using specific ions. Minor amounts of propylsyringol (19), but not the guaiacol counterpart, were also identified. Moreover, several oxidized products (aromatic aldehydes and ketones) were identified after Py-GC/MS, such as vanillin (9), homovanillin (12), acetoguaiacone (13), guaiacylacetone (15) , propiovanillone (17), syringaldehyde (22) , homosyringaldehyde (24), acetosyringone (25) , syringylacetone (28), propiosyringone (29) and sinapaldehyde (31) ( Table 2 ). Major lignin-derived compounds in the degraded wood are syringol (7), 4-vinylsyringol (16), syringaldehyde (22) , trans-4-propenylsyringol (23), acetosyringone (25) , syringylacetone (28), propiosyringone (29) and sinapaldehyde (31). Other prominent peaks are syringic acid (30) and syringic acid methyl ester (27), which were not observed in the sound wood. In all cases, the S-phenols are present in higher abundances than the G-phenols. No cinnamyl alcohols were detected perhaps due to the limitations of the Curie point technique [24] . Some products arising from pyrolysis of carbohydrates can also be recognized in Fig. 1 , and their identities are shown in Table 3 . The main carbohy- Table 3 Identities of the compounds released from carbohydrates after Py-GC/MS of E. globulus sound and treated wood drate derived compounds are 3-hydroxypropanal (peak d), 2-furaldehyde (g), two dihydro-5-methylfuran-2-ones (j, k) and 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one (l). However, these products were of limited diagnostic value for the analysis of individual components of the carbohydrate wood fraction, and they were quantified as a whole.
Since the E. globulus wood lignin has a high predominance of S units (S/G ratio over 6.9) only the differences observed in the relative abundances of the S-type phenols released upon Py-GC/MS of the fungal degraded samples, which are depicted in Fig. 4 , will be discussed in detail. As shown above, non-oxidized alkyl-phenols are among the most characteristic and abundant lignin pyrolysis products. Despite the global decrease of these products during fungal degradation, an increase of some of them was observed in some samples. In this way, the abundances of syringol (7), 4-methylsyringol (11) and 4-ethylsyringol (14) increased in some samples during fungal attack, whereas those of 4-vinylsyringol (16), 4-allylsyringol (18) and cis-and trans-4-propenylsyringol (21 and 23) strongly decreased in all degraded wood samples. The decreased abundance of the C-3 side-chain lignin pyrolysis products, compared with the short side-chain ones, suggests a structural alteration of lignin promoting side-chain breakdown during Py-GC/MS. In addition to the above compounds, some aromatic aldehydes, ketones and acids were found during eucalypt wood pyrolysis (Table 2) . Among them, the abundance of syringylacetone (28), propiosyringone (29) and sinapaldehyde (31) clearly increased after fungal treatment of wood, suggesting oxidative alteration of lignin side-chains by fungi prior to Py-GC/MS analysis. Increased yield of sinapaldehyde (31) has been reported after analytical pyrolysis of other woods degraded by white-rot fungi [7] . Double bonds between carbon atoms in the side chains with free OH groups would be formed during pyrolysis as a result of a water elimination reaction. It is interesting to note that propiosyringone (29) also shows higher yields in the degraded samples, as reported for other woods degraded by white-rot fungi [7] . This may be evidence for the attack of the S moiety of the lignin by fungi, because one of the reactions produced is the oxidation of the C a . Moreover, an increase in syringic acid (30) and syringic acid methyl ester (27) was also evident in the degraded wood samples suggesting 'in situ' C a -C b oxidative cleavage of lignin units during fungal attack, as shown by analytical pyrolysis of permethylated samples [25] .
In general, the present results evidenced higher lignin alteration and wood delignification than reported after Py-GC/MS analyses of eucalypt wood treated with other wood-rotting fungi [10] . In particular, lignin alteration by one of the P. crassa strains isolated from Uruguay (FIB 511) is higher than previously reported for the related species Phanerochaete chrysosporium, the best-known ligninolytic organism, and other basidiomycetes including C. sub6ermispora [10] , a fungus widely investigated for wood biopulping [11, 26] . P. crassa was usually isolated from old E. globulus standing trees and down logs being one of the most characteristic fungal colonizers of eucalypt wood after burning. The results obtained in the present study indicate that the eucalypt-inhabiting species could have better performances for delignification of this type of wood than related white-rot basidiomycetes isolated from other habitats, because of their adaptation to this wood substrate. The Py-GC/MS results evidencing the potential of these fungi for biological delignification of eucalypt wood were confirmed by classical gravimetric analyses showing highly selective removal of lignin by some of the Uruguayan species investigated. Kraft pulping and papermaking properties of eucalypt wood treated with P. lycii and P. crassa strains are currently being investigated to evaluate the potential of these fungi in paper pulp manufacturing.
